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(Received 16 December 1991; in revised form 1 July 1992) 
Abstract-Finite element modeling was utilized to simulate the stress-strain response of discontinuous SiC 
whisker reinforced aluminum-matrix composites, accounting for the thermal residual stresses (TRS) 
generated during solution treatment. The contributions of various micro-mechanisms to overall composite 
strengthening and deformation , and the impact of TRS on each mechanism were explicitly evaluated . It 
was inferred that constrained matrix plastic flow and matrix-to-fiber load transfer are the predominant 
sources of strengthening, with enhanced matrix dislocation density playing a secondary role. Residual 
stresses were found to significantly affect each of the operative strengthening mechanisms and hence the 
composite properties. Comparison with experiments revealed that the trends predicted by the model are 
generally consistent with actual composite behavior , although the model overpredicts work hardening rate . 
A parametric study of the effects of whisker volume fraction, aspect ratio and spacing on tensile and 
compressive deformation was also conducted. The results showed that increasing volume fraction, close 
end-to-end spacing and large aspect ratio s result in greater strength and stiffness. 
1. INTRODUCTION 
Metal-matrix composites (MMC) reinforced with dis-
continuous ceramic fibers or whiskers are often sub-
jected to a solutionize--quench-age heat treatment 
after fabrication to optimize mechanical properties. 
During the post-solutionize quench, residual stresses 
and large dislocation densities can be generated in 
the composite matrix due to mismatch between the 
coefficient of thermal expansion (CTE) of the matrix 
and whisker materials. These residual stresses and the 
resulting high dislocation densities are known to have 
a significant impact on composite properties , giving 
rise to such effects as different flow stresses in ten-
sion and compression, a large Bauschinger effect and 
accelerated matrix aging relative to the unreinforced 
alloy (1-7]. 
Because of their impact on properties, residual 
stresses in composites have been the subject of several 
studies, both experimental and analytical (3, 8-15]. 
Many of the early analytical models were based on 
either one-dimensional or plane-strain analyses and 
assumed that the axial matrix strain is constant 
throughout the MMC (8-12]. While such analyses are 
reasonable for continuous fiber composites, they are 
not valid for discontinuous whisker reinforced com-
posites. The equivalent inclusion method [16], which 
has also been used to analyze the effects of CTE 
mismatch in MMCs [I, 3, 17], ignores the spatial 
distribution of stresses and strains within the com-
posite matrix, and ignores any end-effect at the fiber 
tips. More recently, numerical techniques such as the 
finite element method (FEM), which do not suffer 
from the above limitations , have been used by a 
number of investigators to predict the residual 
stresses (18, 19] and deformation behavior (20-25] of 
MMCs. Only two of the above numerical studies 
have investigated the effect of thermal residual 
stresses on the deformation behavior of whisker 
reinforced MM Cs (24, 25]. One study by Povirk et al. 
(24], based on an MMC with a fixed whisker volume 
fraction and aspect ratio, showed that the residual 
stresses affect the composite flow stress significantly, 
this effect being very sensitive to inter-fiber spacing. 
The other study by Levy and Papazian (25] showed 
that the presence of thermal residual stresses causes 
complex differences between the tensile and com-
pressive flow curves, and these differences change 
with increasing reinforcement volume fraction. How-
ever, neither study explicitly addressed how thermal 
residual stresses affect each of the operative strength-
ening mechanisms in composites by comparing their 
contributions in the presence and absence of TRS . 
Nor did they address the changes in the relative 
contributions of these mechanisms with changing 
reinforcement volume fraction, and the dependence 
of these changes on TRS. Recently, Llorca et al. (26] 
reported a comprehensive parametric investigation 
of the effects of reinforcement shape, volume frac-
tion and distribution and matrix cavitation on the 
ductility and strength of discontinuously reinforced 
MM Cs in tension . They found that the tensile hydro-
static stresses that develop in the composite matrix 
during constrained plastic flow play a major role in 
determining the ductility, and factors that relieve 
these stresses (e.g. strain localization between clus-
tered reinforcements or matrix void nucleation) 
enhance the ductility of the MMC. However, their 
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analyses neglected thermal residual stresses. To 
date , no systematic parametric investigation of the 
effects of whisker volume fraction and aspect ratio 
on deformation under tensile and compressive load-
ing, incorporating the effects of residual stresses 
and varying inter-fiber spacing, has been reported. 
Various mechanisms have been proposed to 
account for the increased strength and stiffness of 
discontinuous whisker reinforced MMCs relative to 
the unreinforced matrix alloy. They include (a) load 
transfer from matrix to fiber [27-29], (b) constrained 
plastic flow of the matrix under large hydrostatic 
stresses due to the presence of surrounding hard 
fibers (20-22, 30], (c) higher matrix dislocation den-
sity relative to the unreinforced alloy [1-5, 31-33], 
and (d) residual stresses generated during cool-
ing the MMC from the solutionizing temperature 
[5, 19, 24, 34-35]. Orowan strengthening due to the 
reinforcements [36] and strengthening from long 
range back stresses due to dislocation pile-ups at 
reinforcement-matrix interfaces [4, 32, 37] have also 
been proposed , although these mechanisms are 
believed to yield relatively little strengthening in fiber 
reinforced composites [20, 27]. Of mechanisms (a) 
through (d), (c) and (d) arise solely due to CTE 
mismatch between the matrix and whisker materials , 
while (a) and (b) can be influenced by CTE mis-
match . Additionally, by altering the stress and strain 
fields at the fiber-matrix interface and within the 
matrix, reinforcement-matrix CTE mismatch may 
significantly affect the microscopic failure mechan-
isms operative in MM Cs [18, 19, 24]. It is therefore 
very important to account for CTE differences (and 
therefore, thermal residual stresses) in any model 
endeavoring to infer the relative contributions of 
various strengthening and failure mechanism(s) oper-
ative in MMC systems. Although several studies, 
purporting to identify the primary strengthening and 
failure mechanisms in MMCs, have been reported to 
date, most of the models have ignored TRS [20-23]. 
Other studies that accounted for residual stresses 
[24, 25] did not study the impact of TRS on each of 
the strengthening mechanisms, and the changes that 
occur in their relative contributions with changing 
material parameters . 
Accordingly , the purpose of this primarily analyti-
cal study is threefold: (i) to simulate the stress-strain 
response of a SiC carbide whisker reinforced 6061 
Al-matrix composite having a simple fiber distri-
bution (regular arrays of aligned fibers in a hexagonal 
close-packed arrangement) in tension and com-
pression, accounting for the presence of CTE mis-
match; (ii) conduct a detailed and systematic 
parametric study to investigate the impact of residual 
stresses on composite flow at varying reinforcement 
volume fractions , aspect ratios and spacings under 
tensile and compressive deformation; and (iii) to 
utilize the calculated stress and strain field quantities 
within each constituent of the composite to discuss 
the effect of residual stresses on the operative 
strengthening and failure mechanisms in whi sker 
reinforced metal-matrix composites . 
2. APPROACH 
2.1. Analytical 
A finite element approach was utilized in this study 
to avoid making some of the simplistic assum p-
tions necessary with standard continuum mechan ics 
approaches. The model composite was assumed to 
be reinforced with a hexagonal close-packed arr ay 
of chopped cylindrical fibers, with longitudinally 
aligned fiber-axes and transversely aligned fiber-end s. 
Thus the composite consisted of an array of hexag o-
nal prism-shaped unit cells, each containing a 
whisker. In the finite-element model, one such ur.it 
cell, far from the edges of the bulk composit e. 
was approximated as a cylinder of radius Re ar.c 
length Le, containing a fiber of radius Rr and length 
Lr, and analyzed using a two dimensional axis 1m -
metric approach . The whisker-matrix interface in 
the model composite was assumed to be perfec tly 
bonded. A schematic of the model unit cell is shown 
in Fig. l. 
Because of the axisymmetry of the model, a cylin-
drical coordinate system was utilized . Displacement-
based boundary conditions , with displacements u, 
and u, corresponding to the z and r axes, respect-
ively, were specified. Only one quadrant of unit cell 
(the positive quadrant of the r-z plane) was modeled. 
requiring that u, = 0 along r = 0, and u= = 0 along 
z = 0. The master degrees of freedom in this case 
allowed only r and z translations and no rotation s. 
Since each unit cell in the composite is constrained by 
adjacent cells, the boundary conditions also requir e 
that the displacements u, on z = Le and u, on r = R, 
be constrained to preserve the right circular cylindri-
cal shape of the unit cell throughout the deformatio n 
excursion of the composite . This was achieved by 
prescribing that u, of all node points on AB follO\\ 
that of the node D, and that u, of all node point s 
on BC follow that of the node E (Fig. 1), with the 
additional constraint that -r" = 0 on AB and -r,, = 0 
on BC. 
A multi-purpose finite element code, ADINA 
(automatic dynamic incremental non-linear analysi s). 
was used to calculate the stress and strain field 
quantities in the fiber and the matrix during quench-
ing from the matrix solutionizing temperature and 
during subsequent tensile or compressive loadin g. 
utilizing an updated-Lagrangian-Jaumann (ULJ) 
kinematic formulation . This numerical scheme uses 
the principle of virtual work to calculate incremen tai 
displacements, which through appropriate constitu-
tive relations yield elemental stresses . In the ULJ 
formulation, the non-linear response of the materi al 
is approximated through an incremental appro acr. 
which entails applying incremental displacements to 
the body until the applied external load is balanced 
I 
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Fig. I. Schematic of whisker arrangement in the model composite (a), a unit cell representative of the 
composite (b), and one quadrant of the unit cell used in finite element modeling (c). 
by the sum of the internal nodal forces. The numeri-
cal models were constructed using two-dimensional 
isoparametric axisymmetric elements (possessing an 
apex angle of one radian) with second order Gaussian 
integration points . 
The loading scheme used in the numerical model 
combined thermal and displacement loads in a 
sequence designed to approximate those experienced 
by the composite during the post-solutionize quench 
and subsequent deformation. At the solutionizing 
temperature (530°C for 6061 Al), restoration pro-
cesses are sufficiently active to eliminate all dislo-
cations and residual stresses. On the basis of this 
assumption, a conceptual thermal excursion was pos-
tulated wherein, on quenching, the entire composite 
(i.e. all the nodes in the model unit cell) cools 
down to the ambient temperature (25°C) instan-
taneously (i.e. in one solution time step), following 
the boundary conditions prescribed above. Although 
the stresses and strains generated during post-fabrica-
tion cooling are generally influenced by time-depen-
dent deformation of the matrix (viscoelasticity and 
creep) in addition to the elasto-plastic response 
(38], the combination of high matrix thermal con-
ductivity and the very rapid quench after solution-
ization makes instantaneous cooling a reasonable 
assumption. 
Tensile or compressive loading of the model com-
posite was accomplished by applying an axial dis-
placement of !lLc = (e'' - l)L c to the top surface of 
the unit cell (AB in Fig. I), £e being the applied 
composite true strain. The axial composite true stress 
was calculated using a volume average approach as 
follows 
where the subscripts c, f and m correspond to the 
composite, fiber and matrix values, respectively, a 
represents the average of four values obtained from 
the Gaussian integration points within each finite 
element, !lv is the volume of each finite element, ve 
is the volume of the model composite , and p and q 
are the number of fiber and matrix elements, respect-
ively. The external stress uc (corresponding to the 
applied strain £c) was then determined by subtracting 
the contribution of the residual axial stress in the 
composite from u~,. 
To ensure that the model was grid independent, 
trial runs simulating both thermal and applied loads 
were conducted and the finite element mesh was 
progressively refined until further refinement yielded 
no more than a ± 5% change in the calculated axial 
composite stress after the post-solutionize quench. In 
most cases, grid independence was achieved with 
approximately 500 elements. 
To obtain an understanding of the phenomenolog-
ical dependence of composite properties on the inter-
fiber spacing, the fiber aspect ratio (Ar= Lrf2Rr) and 
the fiber volume fraction (Vr), each parameter was 
varied . Fiber aspect ratios of 1, 3, 6 and 10, and fiber 
volume fractions of0.l , 0.2 and 0.3 were investigated. 
For determining the effect of inter-fiber spacing, 
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Table l. Fiber and matrix propertie s used in finite element modeling 
Dat a for SiC fibers Data for 6061 aluminum matrix 
Youn gs modulu s (£) 
Poisson's ratio ( v) 




Elasto -plastic matrix exhibiting 




656 MP a Work hard ening modulus (Ep,) 
Coefficient of thermal expansion (CTE) 
Solut ionizing temperature 
4.3 x I0 - 6/K 23 x rn-6/ K 
composite unit cell aspect ratios (Ac= Lc/2Rc) of 3, 6 
and 10 were selected. 
Table I lists the material data used for the finite 
element computations . The silicon carbide whisker 
was modeled as a linear thermo-elastic material, while 
the 6061 aluminum matrix was approximated as a 
linear elastic , thermo-plastic materi al exhibiting 
isotropic linear work hardening (work hardening 
modulus=£,) and obeying the Von Mises yield 
criterion . The value of E, was estimated from actual 
stress-strain tests conducted on unreinforced , pow-
der metallurgically fabricated aluminum alloy 6061 
in the -T6 condition . 
2.2. Experimental 
Powder metallurgically produced 6061 Al-matrix 
composites reinforced with 20 and 30 vol.% of SiC 
whiskers were obtained from Advanced Composites 
Materials Corporation, Greer, South Carolina. After 
consolidation , these composites were extruded at a 
high extrusion ratio (17 :1) to obtain as much fiber 
alignment as possible. Some 20 vol.% SiC com-
posites , extruded at a ratio of 11: I were also 
obtained . All the composites were fabricated using 
the same starting materials and identical process 
parameters, so that a valid comparison of properties 
at different whisker volume fractions could be 
achieved. A powder metallurgically fabricated unre-
inforced 6061 aluminum alloy in the extruded 
s30°c 
condition was used as a control material. The 
matrices of both composites and the monolith were 
heat treated to the -T6 condition prior to testing . 
A servo-hydraulic MTS frame, equipped with 
hydr aulically actuated high-alignment grips and a 
dynamic strain-gage extensometer, was utilized to 
test the control material and the composites in 
tension and compression. The tests were con-
ducted on cylindrical, button-head samples with a 
gage length of 0.0254 m at a constant displace-
ment rate of 2.1 x 10- 6 m/s in both tension and 
compression. 
3. RESULTS 
This section consists of three parts . In the first 
part, the effect of residual stresses on the stress-strain 
response of the composite in tension and compression 
will be studied in detail , using a model composite with 
10 vol.% whiskers and Ar= Ac= 6. In the second 
part, a systematic parametric study will be conducted . 
wherein the effects of reinforcement vol.%, fiber 
aspect ratio and cell aspect ratio (i.e. the inter -fiber 
spacing) on the uniaxial mechanical behavior of the 
composite will be investigated. In the third part. 
experimental stress-strain curves based on 20 and 30 
vol.% SiC whisker reinforced MM Cs in tension and 
compression will be reported, and the trends will be 
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Fig. 2. Computed tensile and compressive absolute stress vs absolute strain plots of a IO vol.% SiC whisker 
reinforced MMC with Ar= A,= 6, with and without residual stresses. 
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Fig. 3. Contours of constant Von-Mises effective stress 
in one quadrant of the composite unit cell under externally 
imposed strains during (a) tensile deformation in the 
presence of residual stresses (TRS), (b) compressive 
deformation in the presence of TRS, and (c) ten-
sile/compressive deformation in the absence of TRS 
CVr=0.I, Ar=Ac=6). 
3.1. Effect of residual stresses on constitutive 11-£ 
response 
Figure 2 shows the computed stress-strain behav-
ior of a IO vol.% whisker reinforced composite in 
tension and compression, with and without consider-
ation of thermal residual stresses (TRS). In the 
absence of residual stresses, the tensile and compres-
sive flow properties of the composite are identical. 
However, in the presence of TRS, several differences 
are notable between the tensile and compressive 
behaviors. First, the elastic modulus(£) in tension is 
observed to be slightly larger than the elastic modulus 
in compression. Secondly, the 0.2% offset yield 
strength and the flow stress in compression are 
observed to be higher than in tension. Thirdly, the 
instantaneous work hardening rate (d110/d£0 at any 
given value of l£01) is somewhat larger in tension than 
in compression. Additionally, it is evident that in the 
presence of TRS, the flow stress in compression is 
higher and the flow stress in tension is lower than in 
the absence of TRS. In general, the work hardening 
rate of the MMC is observed to be higher in the 
presence of residual stresses. Thus , it is clear that the 
presence of TRS has a significant effect on the plastic 
flow behavior of the composite, and a relatively small 
effect on the elastic behavior. 
Figures 3(a) and (b) depict contours of constant 
Von Mises effective stress (ueff) in the fiber and matrix 
of the model unit cell in the presence of residual 
stresses for tension and compression , respectivel y, 
while Fig. 3(c) shows u.ff contours in the absence of 
residual stresses for both tension and compression 
(which are identical in the absence of TRS) . With 
the applied strain £0 equal to zero, following the 
post-solutionize quench, a large plastic zone 
(a.ff~ 275 MPa) is observed to be present in the 
matrix adjacent to the fiber [Fig. 3(a)). The plastic 
zone comprises the entire matrix adjacent to the 
lateral fiber surface, and extends a short distance 
above the fiber-end, with some stress-concentration 
evident at the corner of the fiber profile. With increas-
ing applied tensile strain (£0 ), Ueff next to the fiber-end 
initially relaxes before increasing. Concurrent with 
the initial decrease in the matrix ueff next to the 
fiber-end, an increase in the ueff at the fiber-tip is 
noted, although the rest of the fiber is observed to 
relax. ueff in the matrix next to the fiber-side, however. 
increases from the very start of deformation . In 
contrast , in the absence of TRS, a.ff is observed to 
increase quickly in the matrix next to the fiber-ends . 
and relatively slowly next to the lateral fiber surfac e 
[Ftg. 3(c)). 
Under compressive loading in the presence of 
residual stresses [Fig. 3(b)], ueff increases in th e 
matrix next to the fiber-end right from the start o f 
deformation, while a,ff next to the lateral fiber wall 
actually decreases. Therefore, compressive defor-
mation results in rapid expansion of the plasti c 
zone above the fiber, while next to the fiber-sidewall. 
little additional plastic strain (beyond that already 
present after quenching) occurs. Thus, when TRS is 
present, plastic zone development in the composit e 
matrix during compression follows a very differ-
ent pattern from that during tension. Contrarily , in 
the absence of residual stresses, the behavior in 
compression is identical to that in tension [Fig . 3(c )]. 
The initial relief of matrix u, ff next to the fiber-end 
and the concurrent build up of ueff at the fiber-en d 
[Fig. 3(a)] suggests significant transfer of stress from 
the matrix to the fiber through the fiber-end durin g 
tensile deformation. In compression , on the other 
hand, the rapid expansion of the plastic zone above 
the fiber, in conjunction with the decrease in m a trix 
u.ff next to the fiber-sidewall [Fig. 3(b)) suggests th at 
there is significant stress-transfer across the fiber-side-
wall, but relatively less across the fiber-ends . Figure 
4(a) shows the distribution of the axial fiber stre ss 
(u~,) along half the fiber length in the as-quenched 
condition, and at various levels of applied tensile an d 
compressive strains . It is clear from Fig. 4(a) that in 
the presence of TRS , the middle of the fiber suppon s 
much more axial stress in compression than in tension 
at any given absolute value of applied strain (!Eel). 11 
is also apparent that with increasing !£cl, the increa se 
in u~, at the fiber-end is greater in tension than ir 
compression. Since in discontinuously reinforce ( 
-----------=====-:.....::.:.:...:..._ __ _ 
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F_i~. 4. (a) Distrib~tion of axial fiber stress (a;,) along half the fiber length in the as-quenched con-
dit10n, ~nd at various levels of applied tensile and compressive strains in the presence of TRS. The 
x-coordmate represents distance along half the fiber length, normalized by the whisker diameter 
(I/de). I/de= 0 denotes the fiber-end, while I/de= 3 denotes the fiber-middle. (b) Axial stresses carried 
by the fibers (a;,Ve) and the matrix (a;';[I - VmD as a function of externally applied composite strain 
<Ve=0.l, Ae=A,=6). 
composites, the fibers are indirectly loaded via trans-
fer of stress from the matrix (which is directly loaded) 
to the fiber, the above must indicate increased 
s~ress-transfer across the fiber-ends in tension rela-
tive to compression, and increased stress-transfer 
across the fiber-sidewall in compression relative to 
tension, in the presence of TRS. Overall, at any 
gi~en absolute applied strain, the proportion of the 
axial stress supported by the fibers relative to that 
~arried_ by the matrix is larger in compression than 
m tension. This is clear from Fig. 4(b), which plots 
the axial_ stress supported by the fibers (a~,Vc) and 
the ~atnx ( a~[I- Vrl) in the presence of TRS during 
tenslle and compressive deformation. It is seen 
that while the magnitudes of the stresses carried by 
the t · d ma nx an the fibers are comparable in com-
pression, the stress supported by the matrix is 
clearly larger than the fiber stress in tension. 
To further investigate the effect of TRS on stress-
transfer to the fiber, a~' is plotted as a function of the 
normalized distance along the fiber half length (1/dr) 
in Fig. 5(a) and (b) for tension and compression, 
respectively, with and without TRS. From Fig. 5(a), 
it is evident that at any given applied tensile strain, 
the fiber supports a significantly smaller axial tensile 
stress in the presence of residual stresses. Figure 5(b ), 
on the other hand, reveals that in compression, the 
axial stress supported by the fiber is larger in the 
presence of residual stresses._ This di~erence i~ caused 
by the large compressive residual_ ax~al stress mduced 
in the fiber during the post-solutloruze quench. fa ·en 
at small applied stain levels ( e.g. lt,I = _O. ? I), wh_ere 
the stress-strain plots of the composite m tension 
and compression, with and without ~esidua~ stresses, 
are nearly identical (Fig. 2), app~ec1able differences 
are noted in the axial fiber stress m the absence and 
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Fig. 5. Axial fiber stress (er;,) distribution along half the fiber length in the as-quenched condition, and 
at various levels of applied tensile (a) and compressive (b) strains in the absence and presence of TRS . 
I/de= 0 denotes the fiber-end, while 1/dr = 3 denotes the fiber-middle. TRS is observed to reduce the fiber 
stresses in tension and increase them in compression (Vr = 0.1, Ar= Ac= 6). 
presence of TRS (Fig. 5). This suggests that at least 
at small values of the applied absolute stress (lac!), the 
presence of TRS decreases the fraction of ac sup-
ported by the fiber in tension, whereas, in com-
pression, the presence of TRS increases the fraction 
of ire supported by the fiber. Thus, the residual 
stresses generated during the post-solutionize quench 
appear to decrease the load bearing ability of the fiber 
(and therefore the importance of stress-transfer as a 
strengthening mechanism) in tension, and increase it 
in compression. 
Figure 6 shows contours of constant hydrostatic 
stress (ahyd) at various applied tensile strains in the 
composite unit cell, without and with residual 
stresses. When residual stresses are absent [Fig. 6(a)], 
nearly the entire matrix is observed to be in triaxial 
tension at a very small applied strain. With increasing 
strain , the magnitude of the tensile hydrostatic 
stresses in the matrix above the fiber becomes larger. 
while the matrix next to the fiber sidewall is put in 
triaxial compression. At an applied strain of 0.01, 
the tensile hydrostatic stresses above the fiber were 
found to be as high as three times the yield strength 
of the unreinforced matrix . These triaxial stresses are 
indicative of the large constraint imposed on the 
deforming matrix by the surrounding whiskers, which 
are relatively rigid. Because of this constraint, the 
matrix is forced to support a significantly larger axial 
stress (a~) without undergoing gross plastic defor-
mation than it would in the absence of constraints . 
I 
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Fig. 6. Contours of constant hydrostatic stresses in the compo site unit cell in the absence (a) and 
presence (b) of TRS under externally imposed tensile strains (Vr= 0.1, Ar= A 0 = 6). 
This is possible since the deviatoric stress component 
remains reasonably small, even though the hydro-
static component is very large. The result of this high 
stress level being supported by the matrix is a signifi-
cant increase in the overall composite strengthening. 
Such strengthening due to constrained plastic flow 
has been proposed earlier on the basis of numeri-
cal work using composite systems without thermal 
residual stress [20]. In the-presence of CTE mismatch, 
compressive hydrostatic stresses are observed to be 
induced in the matrix immediately adjacent to the 
fiber, and tensile hydrostatic stresses are found some 
distance away from the fiber, following the post-solu-
tionize quench [Fig. 6(b)]. With increasing applied 
tensile strain, the region of the matrix in triaxial 
compression is observed to shrink, and eventually, 
the entire matrix is put in hydrostatic tension. It is 
evident from a comparison of Fig . 6(a) and (b) that 
the magnitude of these tensile hydrostatic stresses is 
larger in the presence of TRS than in its absence, 
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although the difference gradually diminishes with 
increasing applied strains due to partial redistribution 
of TRS commensurate with gross plastic defor-
mation . Thus the presence of TRS causes a modest 
increase in the contribution of constrained plastic 
flow to strengthening in tension. 
Figure 7(a) and (b) plot contours of constant 
hydrostatic stress at various levels of applied com-
pression, without and with residual stresses, respect-
ively. In the absence of residual stresses [Fig. 7(a)], the 
matrix is put under hydrostatic compression above 
(a) w/o TRS 
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the fiber, and in hydrostatic tension next to the fiber 
side-wall. As in the case of tension, the hydrostatic 
stresses become larger with increasing applied strain , 
leading to significant composite strengthening via 
constraint of matrix plastic flow. In the presence of 
CTE mismatch [Fig. 7(b)], the matrix immediately 
adjacent to the fiber is in hydrostatic compression 
after the quench, while the rest of the matrix is in 
hydrostatic tension. With increasing applied com-
pressive strain, the entire matrix above the fiber is 
subjected to hydrostatic compression , while the whole 
0 
---o so 


















Fig . 7. Contours of constant hydrost atic stresses in the composite unit cell in the absence (a) and presence 
(b) of TRS under externally imposed compressive strains (Vr = 0.1, Ar = Ac = 6). 
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matrix region sandwiched between adjacent fiber 
side-walls is put in hydrostatic tension. A comparison 
of Fig. 7(a) and (b) reveals that although there is 
significant difference between the hydrostatic stress 
states in the composites with and without TRS at 
cc= 0.001 (when the majority of the matrix is elastic), 
the difference is much less at Ee = 0.0045, when the 
thermal residual stresses are largely redistributed due 
to large-scale plastic deformation of the matrix. 
Therefore, residual stresses have negligible impact on 
strengthening via constrained matrix plastic flow 
in compression in the 10 vol.% MMC. Since TRS 
increases the constraint to plastic flow in tension, but 
does not affect it appreciably in compression, the 
work hardening rate in tension is observed to be 
larger than that in compression in the presence of 
TRS (Fig. 2). 
A feature worth noting in Figs 6 and 7 is the 
presence of a negative hydrostatic residual stress at 
the fiber-matrix interface after the post-solutionize 
quench (i.e. cc= 0). As a result, during tensile loading 
in the presence of residual stresses, the interface at the 
fiber-end is observed to reach a tensile hydrostatic 
stress state at a much larger applied strain level than 
in the absence of TRS (Fig. 6). Since hydrostatic 
tension is known to assist nucleation and growth of 
cracks during ductile fracture [39], it appears that the 
thermally generated residual stresses actually inhibit 
(delay) interfacial decohesion and/or matrix void 
formation next to the fiber-ends during tensile load-
ing. Once grC>ss matrix plastic deformation com-
mences (e.g. cc= 0.0045), the hydrostatic stress state 
next to the fiber-end becomes tensile quickly, but that 






at the lateral fiber-matrix interface remains compres-
sive. Therefore , during tensile loading, void nucle-
ation is expected to occur primarily at the fiber-tip. 
This is in agreement with experimental results which 
clearly show that the fiber-ends act as sites for void 
nucleation in tension [40]. During compressive defor-
mation, on the other hand (Fig. 7), crack nucleation 
is likely to occur within the matrix in the lateral 
interfiber regions. From Fig. 7, it is apparent that 
the presence of TRS tends to confine any tensile 
hydrostatic stresses at the fiber-matrix interface to a 
small region close to the middle of the fiber, although , 
in the absence of TRS , a tensile hydrostatic stress 
state exists almost all along the lateral fiber- matrix 
interface. This suggests that, as in tension, the pres-
ence of thermally generated residual stresses inhibit 
interfacial decohesion in compression. 
Figure 8 shows contours of constant cumulative 
effective plastic strain in the 10% SiC composite in 
tension and compression, with and without residual 
stresses, at an applied absolute strain of0.010 . At this 
strain level, the entire matrix is well into the plastic 
regime. The strain magnitudes are identical for both 
tension and compression when residual stresses are 
absent. In the presence of TRS, however, the matrix 
plastic strain distributions are different in tension and 
compression. It is seen that while the plastic strains 
in the matrix beyond the fiber-end are slightly smaller 
in tension than in compression, the strains in the 
lateral inter-fiber region (i.e. between adjacent fiber 
side-walls) are much larger in the case of tension, 
yielding a higher mean effective matrix plastic strain 
(l~ff) in tension . When compared to the case without 
0.010,-
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Fig. 8. Contours of constant cumulative effective plastic strain at applied strains of +0.010 and -0 .010, 
in the absence and presence of residual stresses (Vr= 0.1, Ar= Ac = 6). 
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TRS, the plastic strains in the lateral inter-fiber 
region for both tension and compression are observed 
to be significantly higher in the presence of TRS, 
resulting in a higher lrff when residual stresses are 
present. The above observations lead to two separ-
ate inferences. First, since {~ff is greater in the pres-
ence of TRS for the same applied strain, the 
contribution of matrix work hardening (via enhanced 
dislocation density) to overall composite strength-
ening is higher when residual stresses are present. 
Secondly, since l~ff in tension is greater than that 
in compression in the presence of TRS, the con-
tribution of matrix dislocation density to the over-
all composite strength must be larger in tension. 
However, it is clear from Fig. 2 that the flow stress 
of the 10 vol.% SiC composite is larger in com-
pression than in tension . This suggests that in discon-
tinuous whisker reinforced composites, hardening via 
increased dislocation density is not the dominant 
strengthening mechanism. 
3.2. Effects of material parameters on constitutive <J-(, 
response 
3.2.1. Effect of reinforcement volume fraction . 
Figure 9 shows the computed tensile and compressive 
stress-strain behaviors of the unreinforced matrix 
alloy and composites reinforced with 10, 20 and 
30 vol.% SiC whiskers, accounting for thermal 
residual stresses. The fiber and cell aspect ratios were 
kept constant at 6 for all three composites. Several 
effects are readily apparent from the figure. First, 
an increase in the reinforcement volume fraction (Vr) 
is seen to result in a large increase in the composite 
modulus, flow stress and the work hardening rate. 
Second, it is found that with increasing whisker 
volume fraction, the Young's modulus in com-
pression becomes progressively smaller relative to 
that in tension. Third, with increasing reinforcement 
volume fraction, the proportional limit of the com-
posite decreases (i.e. the composite starts exhibiting 
non-linear <1-f. response at lower applied strains) . 
And finally, while the flow stress in compression is 
seen to be larger than that in tension for low whisker 
volume fractions, the behavior reverses at high vol-
ume fractions. In the following, the above obser-
vations have been rationalized . 
Figure 10 shows contours of constant Von Mises 
effective stress in the unit cell of the composite 
reinforced with 30 vol.% SiC whiskers under tensile 
and compressive loading in the presence of TRS . 
After the post-solutionize quench, a large plastic zone 
encompassing the entire matrix next to the fiber 
sidewall and a significant part of the matrix beyond 
the fiber-end is seen to be present. With applied 
tension, <Jeff in the matrix above the fiber initially 
relaxes, with a concurrent increase in u.ff within the 
fiber-end, suggesting increased load transfer across 
the fiber-tip. This behavior is similar to that of the IO 
vol.% MMC [Fig. 3(a)]. However, even at an applied 
strain of +0.0045, where the entire matrix of the 10 
vol.% composite was plastically deformed, a signifi-
cant portion of the matrix above the fiber in the 30 
vol.% composite is observed to be elastic . This is 
attributable to the generation of very large hydro-
static stresses (250-500 MPa at £• = 0.0045) due to 
greater constraint to plastic flow in the 30% MMC 
relative to the 10% MMC, as evident from Fig. 11, 
which plots contours of constant hydrostatic stresses 
in tension and compression immediately after 
quenching and for 1£.1 = 0.0045. In compression , on 







0 _____ _,_ __ _._ __ ~ __ ..__ _ __,.__ _ ___. __ _, 
0.000 0.005 0.010 O.oI5 0.020 
ITrue Composite Strain! 
Fig. 9. Computed tensile and compressive absolute stress vs absolute strain plots of MMCs with 
Ar= A.= 6, containing 10, 20 and 30 vol.% SiC whiskers, accounting for residual stresses. 
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Fig. 10. Contours of constant Von Mises effective stress in the unit cell of the 30 vol.% SiC composite 
following quenching, and during tensile and compressive deformation in the presence of residual stresses 
(Ar= Ac= 6). 
fiber in the 30 vol.% MMC (Fig. 10) is found to 
undergo plastic deformation within a very small 
applied strain ( -0.001), unlike in the IO vol.% 
MMC [Fig. 3(b)], where extensive plastic defor-
mation begins at a larger value of le · This onset 
of extensive matrix yielding very early during 
compressive deformation results in a low instan-
taneous matrix loading rate (da~ /em), which in turn 
AM 41/3--Q 
leads to a smaller modulus in compression relative 
to tension in the 30 vol.% composite. As obvious 
from Fig. 11, the triaxial stresses generated in the 
matrix above the fiber in the 30 vol.% MMC are 
also much smaller in compression than in ten-
sion at a given value of lecl• Therefore, the contri-
bution of constrained plastic flow to strengthening 
in the 30 vol.% MMC is strongly influenced by 
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Fig. 11. Contours of constant hydrostatic stresses in the unit 
cell of the 30 vol.% SiC composite following quenching, and 
at applied strains of ±0 .0045 (Ar= Ac= 6). 
the presence of thermal residual stresses, and is 
significantly less in compression than in tension. 
The reduction of plastic constraint and the lower 
resultant strengthening are also responsible for reduc-
ing the composite flow stress in compression relative 
to that in tension for the 30 vol.% composite. It was 
found earlier (Section 3.1) that thermal residual 
stresses have a relatively small effect on strengthening 
via constrained plastic flow in the 10 vol.% com· 
posite. Still, the flow stress of the 10 vol.% MMC in 
compression was somewhat larger than that in ten-
sion because of the greater load supported by the 
fiber in compression in the presence of TRS. With 
increase in reinforcement volume fraction (Vr), how-
ever, the difference in the axial stresses supported by 
the fiber in tension and compression becomes mini-
mal, and load transfer becomes a significant strength-
ening mechanism in tension as well as compression. 
This is shown in Fig. 12, which plots the axial fiber 
stress in the 30 vol.% MMC as a function of 1/d.-. 
Thus at high volume fractions (e.g. 30 vol.%), the 
difference in the composite flow stresses in tension 
and compression is determined largely by the differ-
ence in constraint to plastic flow, and not by the 
difference in load transfer as at low volume fractions 
(e.g. 10 vol.%). At intermediate volume fractions 
(e.g. 20 vol.%), differences in both load transfer and 
plastic constraint influence the difference in com-
posite flow stress in tension and compression. Since 
these two mechanisms show opposite trends with 
increasing Vr (i.e. the difference between the contri-
butions of load transfer in tension and compression 
decreases with increasing Vr, while the difference 
between the contributions of constrained plastic flow 
in tension and compression increases with increasing 
Vr), the 20 vol.% MMC exhibits very close tensile and 
compressive flow stresses. 
The higher instantaneous work hardening rate and 
flow stress observed with increasing reinforcement 
volume fractions are attributable to the following 
factors. First, a larger whisker volume fraction results 
in the support of a larger fraction of the applied stress 
by the stiff whiskers, resulting in a greater degree of 
overall strengthening as per the rule of mixtures 
(ROM). This is evident from Fig. 13, which plots the 
axial stress supported by the fibers (a~Yr) and matrix 
(a~(l - VrD in the JO and 30 vol.% MM Cs (with 
TRS) under tensile and compressive loading . It is 
clear that in the 10 vol.% composite , the stresses 
supported by the matrix and the fibers are relatively 
close; but in the 30 vol.% composite, the fibers bear 
a much larger fraction of the applied stress than the 
matrix in both tension and compression. This is in 
spite of the fact that the average axial stress sup-
ported by each whisker in the 10 vol.% MMC is not 
substantially different from that in the 30 vol. % 
MMC [compare Figs 4(a) and 12]. This suggests that 
the larger instantaneous composite loading rate 
(dac/€.c) at higher volume fractions is due in large part 
to ROM strengthening . Secondly, the matrix of the 
30 vol.% MMC is significantly more work hardened 
than that of the 10 vol.% composite at the same 
applied strain. This is evident on comparing Fig . 8 
with Fig. 14, which plots contours of the cumulative 
effective plastic strain in the matrix of the 30 vol.% 
MMC at le= ±0.01 . It is clear that the plastic strains 
in the 30 vol.% matrix are significantly higher in both 
tension and compression, resulting in higher flow 
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Fig. 12. Axial fiber stress (u:z) distribution in the 30 vol.% MMC along half the fiber length in the 
as-quenched condition , and at various levels of applied tensile and compressive strains in the presence of 
TRS . I/cir= 0 denotes the fiber-end, while 1/dr = 3 denotes the fiber-middle (Ar= Ac= 6). 
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stresses. Although a higher fiber volume fraction 
would be expected to result in greater constraint to 
plastic flow, the contribution of this mechanism to 
overall strengthening and instantaneous work hard-
ening rate is higher at larger volume fractions only in 
tension (compare Figs 6 and 11). In compression, the 
matrix hydrostatic stress state, and hence the contri-
bution of constrained plastic flow to strengthening 
are not affected significantly by changes in whisker 
vol.% between 10 and 30. 
strengthening, it also accounts for the decrease in 
the composite proportional limit with increasing 
reinforcement volume fraction, since a proportion-
ately larger fraction of the composite matrix is plas-
tically deformed after the post-solutionization 
quench in the MMCs with higher Vr (compare Fig. 3 
with Fig. 10). 
In general, the mean effective matrix plastic strains 
are appreciably larger in the higher volume fraction 
composites, both following the post-solutionize 
quench, and after various levels of imposed external 
strains. While this results in an increased composite 
flow stress (or yield strength) via dislocation density 
It was found in Section 3.1 that thermal residual 
stresses reduced the propensity of void formation or 
interfacial decohesion in the 10 vol.% composite by 
inducing compressive hydrostatic stresses at the inter-
face. From Fig . 11, it is seen that after the post-solu-
tionization quench, the matrix at the fiber-tip in the 
30 vol.% MMC is under appreciable hydrostatic 
tension, although the lateral fiber-matrix interface is 
in hydrostatic compression. Therefore, it can be 
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Fig. 13. A plot of the axial stresses supported by the fibers (u( , Vr) and the matrix (u~[l - Vrl) in the 10 
and 30 vol.% SiC MMCs during tensile and compressive deformation . 













Fig. 14. Contours of constant cumulative effective plastic 
strain at applied strains of +0.010 and -0.010 in the 
presence of residual stresses ( Vr = 0.3, Ar= Ac= 6). 
inferred that although residual stresses are beneficial 
with respect to matrix void nucleation or interfacial 
debonding at the fiber-ends under tensile loading of 
aligned whisker composites with low Vr, the benefits 
decrease with increasing Vr-At relatively high values 
of Vr (e.g. 0.3), TRS actually aids matrix and/or 
interfacial damage at the fiber-ends under tensile 
loading. 
3.2.2. Effect of inter-fiber spacing. Figure l 5(a) 
illustrates the effect of inter-fiber spacing on the 
stress-strain response of a composite containing 30 
vol.% SiC fibers with an aspect ratio (Ar) of 5 in 
tension and compression. As stated earlier, the inter-
fiber spacing was varied by altering the cell aspect 
ratio (Ac). Ac values of 3, 6 and 10 were chosen. 
Of these, Ac= 3 corresponds to a small end-to-end 
spacing, Ac= 10 corresponds to a close side-to-side 
spacing, while Ac= 6 corresponds to intermedi ate 
side-to-side and end-to-end spacings [Fig. l 5(b )]. As 
evident from Fig. 15(a), the impact of inter-fiber 
spacing is much larger in compression than in ten-
sion. It is apparent that the composite Young's 
modulus is affected significantly by fiber spacing in 
compression, but only very slightly in tension . The 
effect of fiber spacing on flow stress is also greater in 
compression than in tension. In tension, the com-
posites with Ac= 3 and Ac= 10 are seen to hav e a 
higher flow stress than that with Ac= 6. Thus closer 
fiber spacings result in greater strengthening in ten-
sion, with closer end-to-end spacing yielding a 
slightly greater flow stress. In compression, on the 
other hand, the composite with close side-to-side 
spacing (Ac= 10) has the smallest flow stress , that 
with close end-to-end spacing (Ac= 3) has the largest 
flow stress, and the MMC with intermediate side-to-
side and end-to-end spacings has intermediate flow 
stress. 
Earlier it was noted that in tension, constrained 
plastic flow of the matrix is the dominant strength-
ening mechanism. With decreasing inter-fiber spac-
ing (either end-to-end or side-to-side), the hydro-
static constraint on the matrix increases, resulting in 
greater triaxiality and hence greater strengthening as 
observed in Fig. l 5(a). When the end-to-end spacing 
is small, (i.e. side-to-side spacing is large) the plastic 
constraint in the matrix above the fiber is very large . 
Additionally, for large side-to-side spacings, the ten-
sile residual hydrostatic stress near the cell boundary 
next to the fiber side-wall was found to increase 
quickly with increasing applied tension, whereas these 
stresses decreased when the spacing was small. As a 
result, close end-to-end spacing yields somewhat 
more strengthening than close side-to-side spacing. 
The large impact of fiber spacing on compressiv e 
behavior is attributable to a multitude of factors : 
constraint to plastic flow, load transfer and increased 
matrix plastic strain . In the composite with close 
side-to-side spacing (large end-to-end spacing), the 
tensile hydrostatic constraint on the matrix above the 
fiber, which constitutes a large fraction of the tot al 
matrix, decreases on compressive loading. Simul-
taneously, the tensile hydrostatic stresses near the cell 
boundary next to the fiber sidewall also decrease . 
This reduction of triaxial constrain during compres-
sive deformation leads to the early initiation of large 
scale matrix plastic deformation, resulting in a small 
modulus and little strengthening. When the end-to-
end spacing is small, the tensile hydrostatic residual 
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Fig. 15. (a) Effect of inter-whisker spacing on stress- strain response of a 30 vol.% composite with Ar= 5. 
The whisker spacing was varied by changing A,. (b) Schematics of the composite unit cells corresponding 
to cell aspect ratios (AJ of 3, 6 and I 0. A, = 3 represents close end-to-end spacing and A, = 10 represents 
close side-to-side spacing . 
stresses above the fiber get relieved rapidly, following 
which large triaxial compressive stresses build up. 
The same behavior is observed next to the fiber 
sidewall. Additionally, for close end-to-end spacing, 
large residual plastic strains were found between 
fiber-ends following the post-solutionize quench, 
which increased in magnitude during the initial de-
crease in tensile hydrostatic stresses. A similar 
phenomenon was noted by Povirk et al. [24], who 
reported that large plastic strains develop between 
fiber-ends for a close end-to-end fiber spacing, the 
magnitudes of the strains being larger in compression 
than in tension. They [24] also noted that the magni-
tude of the matrix hydrostatic residual stress state 
next to the fiber-end is larger in compression than in 
tension. This increased constraint to plastic flow in 
the matrix next to the fiber ends, coupled with the 
higher level of plastic strain in it, is responsible for 
the increase in flow stress and work hardening rate 
with decrease in end-to-end fiber spacing. Also, 
since in compression, load transfer across the fiber 
sidewall is significant, the matrix next to the fiber 
sidewall supports a relatively smaller axial stress 
(while the fiber carries a proportionately larger axial 
stress) when the side-to-side spacing is large (i.e. the 
end-to-end spacing is small), resulting in additional 
strengthening . 
3.2.3. Effect of fiber aspect ratio. Figure 16(a) 
shows the stress-strain plots of composites reinforced 
with 30 vol.% of SiC whiskers with Ar= 1, 3, 6 and 
10. For each run, A, was chosen to be equal to Ar in 
order to minimize convoluting the effects of Ar and 
inter-fiber spacing. The composite stiffness, yield 
strength, flow stress and work hardening rate are seen 





~ 1000 i::i.. 
~ .._, 
500 
"' "' <II (a) ... 0 ,----------------ti) I 
<II -500 
I 
= I ... I 
E-- -1000 
I Af=Ae=IO I 
I Af=Ae=6 
-1500 I Af=Ae=3 I Af=Ac=l I 
-2000 
-0.02 -0.oI 0.00 0.01 0.02 
True Composite Strain 
1200 
,,...._ 30 vol.% SiC MMC 
= i::i.. 800 
6 







-0.02 -0.01 0.00 O.ot 0.02 
True Composite Strain 
Fig. 16. (a) Effect of whisker aspect ratio (Ar) on stress- strain response of a 30 vol.% composite with 
Ar= A<. u~ plots are shown for Ar= 1, 3, 6 and 10. (b) Effect of Ar on the axial stress supported by the 
fibers (u~,Vr) in the composites with Ar= 3 and 6. 
to increase with increasing fiber · aspect ratio in both 
tension and compression. The improvement in prop-
erties obtained, however, is seen to decrease with 
increasing fiber aspect ratio. 
Figure 16(b) illustrates the effect of an increase in 
whisker aspect ratio from 3 to 6 on the axial stress 
supported by the whiskers (u ~,Vr) in a composite with 
30 vol.% SiC. It is clear that an increase in aspect 
ratio increases the overall axial stress supported by 
the fibers significantly in both tension and com-
pression. Since Ac was equal to Ar for each plot in 
Fig. l 7(a), the difference between the flow stresses of 
the composites with Ar= Ac= 3 and Ar= A c= 6 is 
not expected to have a large contribution from matrix 
hydrostatic constraint. Therefore, the increased 
strength of the composites with larger fiber aspect 
ratios can be attributed to increased load transfer 
from the matrix to the reinforcements until a critical 
fiber aspect ratio is reached, as per the classical 
strengthening theory of discontinuous fiber com-
posites (41]. It was previously noted by Povirk et al. 
(18] that fiber aspect ratio had very little effect on 
thermally generated residual stresses and effective 
matrix plastic strains prior to loading. Hence, it can 
be inferred that the effect of fiber aspect ratio noted 
in this study is an artifact of post-quench loading, and 
not of the residual stresses and strains generated 
during the quench itself, further supporting the argu-
ment for increased load transfer during deformation . 
3.3. Experimental results 
Figure 17 shows experimental tensile and compres-
sive stress- strain plots of 20 and 30 vol.% SiC 
whisker reinforced composites, extruded to a ratio of 
17: 1. To elucidate the effect of extrusion ratio on 
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Fig. 17. Experimental stress- strain behaviors of powder metallurgically fabricated 20 and 30 vol.% SiC 
whisker reinforced 6061-T6 Al matrix composites in tension and compression . The extrusion ratio for each 
composite is shown in the figure. For reference, the stress- strain behavior ofa monolithic 606!-T6 Al alloy 
is also shown. 
whisker alignment and the consequent impact on 
mechanical properties, the tensile behavior of a 20 
vol.% MMC with an extrusion ratio of 11: 1 is also 
shown. Quantitative evaluation of the composite 
microstructures showed that the mean whisker aspect 
ratio in the 20 vol.% MMC formed at an extrusion 
ratio of 11: 1 was 6.1, that in the 20 vol.% MMC 
extruded at 17: 1 was 4.4, while that in the 30 vol.% 
MMC extruded at 17: 1 was 2.3. As expected, a very 
wide scatter in Ar was observed in all three com-
posites, with the low being about I and the high being 
approximately 23. Additionally, in spite of extrusion 
at relatively large ratios, a significant degree of fiber 
misorientation (in many cases as much as 30° from 
the test axis) was observed. Because of this misalign-
ment, the measured values of aspect ratio reported 
above are expected to be on the low side. For 
reference, the tensile and compressive stress-strain 
behaviors (which are identical) of a monolithic 
6061-T6 aluminum alloy are also shown in Fig. 17. 
Several points are notable from Fig. 17. First, as 
expected, an increase in whisker volume fraction 
increases the composite stiffness, 0.2% offset yield 
strength and work hardening rate. All composites 
show a significant improvement in strength and stiff-
ness properties compared to the monolith . Secondly, 
it is observed that the composites exhibit a deviation 
from linear elasticity at relatively small strains, this 
effect being more prominent in compression and at 
higher volume fractions. Also, the apparent Young's 
modulus of the composite is larger in compression 
than in tension for the 20 vol.% MMC, but is less 
in compression than in tension for the 30 vol.% 
MMC. These trends are consistent with the numerical 
results (Fig. 9), which predicted that early onset of 
matrix plastic deformation in compression at higher 
reinforcement volume fractions is responsible for 
the above effects. Thirdly, while the flow stress of 
the composite in compression is significantly higher 
than that in compression for 20 vol.% whiskers, the 
difference is much less in the 30 vol.% MMC. Indeed, 
the flow curves in tension and compression are seen 
to cross over at a strain of0.014. It is thus conceivable 
that at a higher volume fraction than 30%, the flow 
curve in compression will actually be lower than that 
in tension . This trend is also consistent with the 
numerical results in Fig. 9, which shows that with 
increase in the whisker volume fraction, the compres-
sive flow stress drops below the tensile flow stress. 
Finally, it is observed from Fig. 17 that an increase 
in the extrusion ratio from 11 : 1 to 17: 1 results in a 
significant increase in the stiffness and flow stress of 
the 20 vol.% composite by increasing the degree of 
whisker alignment along the test axis. This is in spite 
of the reduction in mean whisker aspect ratio from 
6.1 to 4.4 commensurate with the increase in extru-
sion ratio. The above is consistent with the results of 
Takao et al. [42, 43], who proposed that fiber align-
ment has a much larger impact on the thermo-mech-
anical properties of short fiber composites than 
whisker aspect ratio. Therefore , for any meaningful 
comparison between experimental data and analyti-
cal results based on an aligned fiber model, it is 
essential that the experimental material be extruded 
to as large a reduction ratio as practicable. 
Figure 18 shows a comparison between the numeri-
cal and experimental results based on the 20 and 30 
vol.% composites in tension. Since the estimated 
mean aspect ratios of the experimental 20 and 30 
vol.% composites with a 17: l extrusion ratio were 
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Fig. 18. A comparison between the numerical and experimental results based on the 20 and 30 vol.% 
composites in tension. The experimental data are based on composites extruded at 17: l . The numerical 
data are based on Ar and Ac values shown in the figure. 
found to be 4.4 and 2.3 respectively, and these values 
are expected to be a lower bound, a 20 vol.% model 
with Ar= 6 and a 30 vol.% model with Ar= 3 were 
selected for comparison . In each case, the cell aspect 
ratio (Ac) was chosen to be equal to Ar since a 
quantitative analysis of actual cell aspect ratios 
proved difficult. It is seen from Fig. 18 that the 
experimental values of Young's modulus and 0.2% 
offset yield strength are comparable to those pre-
dicted by the model. However, for both the 20 and 
the 30 vol.% composites, the model predicts a smaller 
proportional limit and a larger work hardening rate 
than those observed experimentally. The higher work 
hardening rate predicted by the model is not unex-
pected in view of the simple periodic aligned fiber 
arrangement assumed in the analysis. 
4. DISCUSSION 
The results described in Sections 3.1 and 3.3 
clearly demonstrate that thermal residual stresses 
play a significant role in determining the micro-mech-
anisms of strengthening and deformation of whisker 
reinforced composites, leading to appreciable differ-
ences between the mechanical properties in tension 
and compression. 
Plastic zone evolution in the composite matrix was 
found to follow a quite different pattern in com-
pression compared to that in tension. In compression, 
the majority of plastic deformation during loading is 
concentrated in the matrix above the fiber. In tension, 
on the other hand, more matrix plastic deformation 
occurs in the lateral inter-fiber spaces than next to the 
fiber-ends . The difference becomes more prominent 
with increasing reinforcement volume fraction (Vr), 
and can be related to the matrix hydrostatic stress 
state. An increase in Vr increases the residual tensile 
hydrostatic stresses in the matrix some distance from 
the fiber-matrix interface. On tensile loading, these 
stresses increase quickly above the fiber, this increase 
being more at a higher Vr. In the lateral inter-fiber 
spaces, these stresses decrease. Therefore the con-
straint to plastic flow increases appreciably above the 
fiber, but not in the lateral inter-fiber spaces, allow-
ing larger plastic strains in the latter regions. In 
contrast, on compressive loading, the tensile hydro-
static residual stresses in the matrix above the fiber 
get relieved before compressive hydrostatic stresses 
build up, thereby reducing the triaxial constraint on 
initial loading . This decreased hydrostatic stress and 
the corresponding decrease in the constraint to plastic 
flow in compression is responsible for the lower 
composite work hardening rate observed in com-
pression relative to tension. In general, strengthening 
by constrained plastic flow is larger in tension than in 
compression , and is larger at higher whisker volume 
fractions. Levy and Papazian [25] proposed that 
matrix flow stress and work hardening rate control 
the plastic properties of whisker reinforced com-
posites, although they did not address the role of 
plastic constraint in determining these parameters . As 
clear from the results presented here, the presence of 
hydrostatic matrix constraint strongly influences the 
matrix plastic properties, thereby affecting the u--f. 
curve of the MMC in the plastic regime. 
In tension, the hydrostatic residual stresses in the 
matrix above the fiber were found to be partially 
redistributed on initiation of large-scale plastic defor-
mation, although in the lateral inter-fiber spaces the 
residual stresses were found to affect the hydrostatic 
stress state even at relatively large applied strains. 
DUTTA et al.: RESIDUAL STRESS EFFECTS IN METAL-MATRIX COMPOSITES 905 
In compression, on the other hand, the residual 
hydrostatic stresses were almost completely redis-
tributed once gross matrix plastic deformation began. 
This suggests that the impact of TRS on constrained 
plastic flow as a strengthening mechanism is mini-
mal in compression, although TRS increases the 
contribution of constrained plastic flow significantly 
in tension . 
At low fiber volume fractions, the thermal residual 
stresses were found to decrease the axial stress sup-
ported by the whiskers in tension, while increasing 
it in compression. Thus TRS decreases the contri-
bution of load transfer as a strengthening mechanism 
in tension, but increases it in compression. This is 
because of the presence of a large axial compressive 
residual stress in the fiber following the post-solution-
ize quench. In the absence of matrix constraint due 
to surrounding fibers (e.g. for a very dilute com-
posite), the axial residual stress induced in the fiber 
is very large, as is the above effect [19]. With increas-
ing constraint in the matrix (due to decreasing inter-
fiber spacing or increasing Ve), the axial residual fiber 
stress, and hence the difference between the stresses 
supported by the fiber in tension and compression, 
decrease. However, the contributions of load trans-
fer and ROM (rule of mixtures) strengthening 
increase with increasing whisker volume fraction. As 
observed in Fig. 13, the instantaneous loading rate 
of the fiber (dcr:,/d£c) exceeds the instantaneous 
matrix loading rate (da ~/d£c) at all Ve, even at large 
applied strains . Thus, contrary to the conclusions 
of Ref. [25], load transfer contributes significantly 
to composite strengthening in both the elastic and 
plastic regimes. 
In the IO vol.% MMC, the mean effective plastic 
strain (i.e. the volume average of the cumulative 
effective plastic strain) in the matrix was found to 
be larger in tension than in compression at equivalent 
applied strain levels. Yet, the flow stress in com-
pression was observed to be larger than that in 
tension, suggesting that hardening due to increased 
matrix dislocation density is not the primary 
strengthening mechanism in whisker reinforced com-
posites. This is supported by the observation that in 
the 30 vol.% MMC, in spite of the initiation of 
large-scale plastic deformation at much lower applied 
strains in compression relative to tension, the 
composite flow stress is larger in tension . 
Thus the primary strengthening mechanisms in 
whisker reinforced composites are constrained plastic 
flow of the matrix and matrix-to-fiber load transfer, 
both contributions increasing with increasing Ve-Of 
the two mechanisms, constrained matrix plastic flow 
is more dominant in tension, while load transfer is 
more dominant in compression. At high values of Ve, 
however, both mechanisms contribute strongly in 
both tension and compression. Load transfer is 
affected significantly by the presence of thermally 
generated residual stresses (TRS), especially at low 
whisker volume fractions. The impact of TRS on 
constrained plastic flow, is significant in tension but 
small in compression. In both tension and com-
pression, enhanced dislocation density due to matrix 
plastic deformation during the post-solutionize 
quench results in additional strengthening , although 
this component is comparatively small. As discussed 
by Christman et al. [20], strengthening theories based 
only on increased matrix dislocation density assume 
a proportional loading path and predict the com-
posite work hardening rate to be identical to that of 
the unreinforced alloy. While such a loading history 
may be appropriate for composites with very small 
aspect ratio fibers or particulates where the com-
posite plastic response is relatively insensitive to the 
geometry and distribution of reinforcements, it is 
not appropriate for whisker reinforced composites, 
where, as shown above, the matrix plastic response 
is strongly dependent upon reinforcement spacing 
and aspect ratio. The numerical and experimental 
results presented above also show that the instan-
taneous composite work hardening rate is signifi-
cantly larger than that of the monolith, contrary 
to what would be expected if enhanced matrix 
dislocation density were the primary source of 
strengthening. 
Because of the presence of residual stresses in the 
composite following the post-solutionize quench, the 
tensile and compressive stress-strain curves of the 
composites do not coincide. This phenomenon has 
been observed earlier by several investigators [e.g. 
1, 24, 25]. At low whisker volume fractions , the com-
posite flow stress was found to be larger in com-
pression than in tension. This difference was found to 
decrease with increasing Ve, until at a given volume 
fraction (depending on the whisker geometry and 
distribution) , the compressive flow stress was found 
to fall below the tensile flow stress. A similar trend 
was observed by Levy and Papazian [25], who found 
that for a 20 vol.% Si Cw/ 5456Al composite, the 
stress-strain curves in tension and compression were 
close and crossed each other twice, although for 8 
vol.% SiCw, the compressive flow curve was clearly 
above that in tension. Experimental results reported 
in Section 3.3 also follow the same trend in that 
the difference between the compressive and tensile 
flow stresses are seen to decrease with increasing 
Ve- Additionally, both numerical and experimental 
results predict a relative decline in the compressive 
composite modulus compared to the tensile modulus 
with increasing Ve. Both the above phenomena occur 
due to the initiation of large scale plastic defor-
mation very early in composites with high Ve during 
compressive loading. This initiation of matrix plastic 
deformation as a result of large residual stresses 
causes the stress-strain plot to deviate from linear-
ity early during compressive loading, although this 
deviation is not very prominent until plastic defor-
mation becomes extensive. This effect, which is pre-
dicted by the FEM results in Section 3.1, is also 
discernible in the experimental results in Section 3.3, 
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and is in qualitative agreement with the results of 
Ref. [25). 
Inter-fiber spacing, and hence the distribution of 
whiskers in the matrix, was found to have a strong 
effect on the stiffness and strength of the composite, 
especially in compression. A decrease in fiber spacing 
was found to increase the composite flow stress in 
tension, with smaller end-to-end spacing being more 
effective. In compression, a smaller side-to-side spac-
ing results in smaller stiffness and flow stress, while 
smaller end-to-end spacings increase the composite 
modulus and flow stress. The impact of smaller 
inter-fibre spacings in tension can be attributed pri-
marily to an increase in hydrostatic matrix constraint 
with decrease in inter-fiber spacing. In compression , 
the effect of fiber spacing is more complicated since 
it influences load transfer, plastic flow constraint and 
matrix plastic strain. Povirk et al. studied the impact 
of fiber spacing on the residual stresses present in the 
composite after fabrication [18] and on the composite 
properties [24). They found that fiber spacing plays a 
strong role in determining the level of matrix plastic 
strain, interface traction and fiber axial stress, and 
therefore has significant impact on the composite 
flow properties. Their results indicate that a closer 
end-to-end spacing results in a larger yield strength in 
compression than in tension, while a closer side-to-
side spacing depresses the compressive yield strength 
relative to that in tension . These trends are in quali-
tative agreement with the numerical results reported 
in the present study. 
It is to be recognized that increasing the reinforce-
ment volume fraction (for a given fiber and cell 
aspect ratio) decreases the end-to-end and side-to-
side fiber spacings. Since fiber spacing has a large 
effect on the composite residual stress state and the 
resultant properties, it is likely that the volume 
fraction effects reported in Section 3.2.1 are convo-
luted with fiber spacing effects. For instance, the 
increased work hardening rate observed at higher Vr 
may result from the increased hydrostatic constraint 
in the matrix (due to smaller inter-fiber spacings) as 
likely as due to increased ROM (rule of mixture) 
strengthening. Likewise, the progressive decline in 
the compressive yield strength relative to that in 
tension with increasing Vr may be attributed partly to 
the appreciable decrease in the side-to-side fiber 
spacing commensurate with volume fraction increase. 
Whisker aspect ratio was also found to affect 
the mechanical properties of the composite, with 
increasing aspect ratio yielding larger stiffnesses and 
flow stresses in both tension and composite. The 
impact of aspect ratio, though, was found to decline 
with increasing Ar. Fiber aspect ratio has been pre-
viously found to have an appreciable effect on com-
posite stiffness and strength in tension, with both 
parameters increasing with increasing Ar [21, 23], 
although the presence of residual stresses was not 
accounted for in these studies. Povirk et al. [18] 
found that the residual axial fiber and matrix stresses 
developed during the post-solutionize quench show 
a relatively small dependence on Ar. Therefore, the 
increase in strength and stiffness due to increasing Ar 
is attributable primarily to increased load transfer 
during external loading, and not to differences in the 
residual stress state . 
In general, the trends predicted by the numeri-
cal results presented here are consistent with the 
experimental results in Section 3.3. Both the FEM 
results and the experimental data show that with 
increasing whisker volume fraction, the compressiv e 
flow stress, which is greater than the tensile flow stress 
at small Vr, monotonically decreases relative to the 
tensile flow stress. However, while the numerical 
results predict the compressive flow stress to become 
smaller than that in tension at a whisker content of 
30 vol.%, the experimental results suggest that a 
larger Vr than 30% is necessary for this to occur . As 
indicated earlier, the lowering of the compressive 
modulus and flow stress relative to tension at high Vr 
occurs due to the early onset of large scale plastic 
deformation in the matrix above the fiber-end in 
compression. This effect can be attributed to two 
factors: first, the large compressive axial residu al 
stresses present in the matrix above the fiber-end 
result in early yielding when loaded in compression ; 
and second, during compressive deformation, the 
hydrostatic constraint in the matrix next to the fiber 
end is significantly lower than that in tension, thereby 
allowing larger plastic strains . The numerical results 
were obtained based on an idealized fiber array with 
perfect axial and transverse end-to-end fiber align-
ment. For a staggered whisker arrangement, the 
magnitude of the compressive residual stresses next to 
the fiber end is expected to decrease significantly, as 
is the constraint to plastic flow in the matrix beyond 
the fiber-end when the composite is loaded in tension . 
As a result, transverse staggering of the whisker-end s 
will tend to depress the tensile flow stress while 
elevating the compressive flow stress, thus increasing 
the Vr at which the compressive flow curve falls below 
the tensile flow curve. Since in actual composites , all 
the whiskers are rarely perfectly aligned , the exper-
imental value of Vr at which the compressive flow 
stresses becomes smaller than the tensile flow stresses 
is larger than that predicted by the model. This effect 
may be further accentuated by misalignment of the 
whisker axes, which would also decrease the compre s-
sive axial residual stresses and the constraint to 
plastic flow in tension. 
A comparison of the predictions of aligned fiber 
model and staggered fiber models with experimental 
data have shown that an aligned fiber model usually 
correlates better with experiments [23, 25]. However. 
as indicated in Section 3.3, for such correlations to be 
valid, the composite needs to be extruded at a high 
reduction ratio so that a large degree of fiber align-
ment can be obtained. It was found from Fig . 18 that 
although the experimental and numerical values of 
composite modulus and yield strength are relatively 
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close, the model overpredicts the work hardening rate 
significantly . As indicated earlier, one of the domi-
nant factors determining the apparent work harden-
ing rate of the composite is the hydrostatic constraint 
on the matrix. In the absence of matrix or interfacial 
damage, this constraint is expected to increase with 
increasing deformation, causing the strain harden-
ing rate to rise. However, in a real composite, the 
hydrostatic constraint is often relieved by matrix 
cavitation and intense strain localization in the 
matrix between reinforcement clusters [26]. Using a 
matrix constitutive model allowing microvoid nucle-
ation and coalescence, Llorca et al. [26] have shown 
that large concentrations of plastic strain and microp-
ores can occur in the matrix between reinforcement 
clusters, thereby relieving the constraint to plastic 
flow significantly and resulting in a decrease in the 
instantaneous composite work hardening rate. Exper-
imental evaluation of composite fracture surfaces 
(20, 26] have revealed that microvoid formation cum 
coalescence, which is indicative of ductile fracture , is 
indeed the primary mechanism of failure in whisker 
reinforced composites, although numerical results 
indicate that ductility is limited by the constraint to 
plastic flow. Thus, factors that reduce the overall 
constraint to plastic flow, e.g. matrix microvoid for-
mation, interfacial shear, strain localization, devi-
ation from perfect whisker alignment, clustering of 
reinforcements, and reduction in whisker aspect ratio, 
increase the ductility of the composite while decreas-
ing the flow stress and work hardening rate, resulting 
in a smaller experimentally observed instantaneous 
dcrcfdfc than that predicted by the model. 
At this point, it is appropriate to address some of 
the limitations of the approach adopted in the present 
analysis . In addition to the assumption of perfectly 
aligned whiskers as discussed above, it is assumed 
that the post-solutionization quench is infinitely fast, 
and therefore tends to overpredict the magnitudes of 
the thermally generated residual stresses. Addition-
ally, the numerical calculations and the experimental 
results were based on a 6061 Al matrix in the -T6 
condition. Since the -T6 temper requires extended 
heating at 160-l75 °C, appreciable stress relaxation is 
expected during this treatment, although during the 
quench following the temper treatment, most of the 
residual stresses and matrix dislocations are expected 
to be regenerated. This is supported by TEM (trans-
mission electron microscopy) results of Arsenault 
and Shi (44], who showed that while matrix dislo-
cations gradually disappear on heating SiC/Al com-
posites to annealing temperatures, the vast majority 
of the dislocations are regenerated even during rela-
tively slow cooling in a TEM stage. Hence, the error 
induced in estimating the residual stresses based on 
-T6 properties in the numerical calculations is 
expected to be relatively small. It is, however, clear 
that an accurate prediction of the residual stress 
state present in the composite entails consideration of 
a time dependent cooling schedule and temperature 
dependent material properties during both the post-
solutionize and post-age quenches, coupled with 
consideration of stress relaxation at the aging tem-
perature. Based on the above discussion , the thermal 
residual stresses and their effects predicted in the 
present analysis are expected to represent upper 
bound values. 
Also, the present analysis models the matrix as an 
homogeneous isotropic material. As recognized by 
Povirk et al. (18], this approach may result in sig-
nificant differences between the predicted local stress 
and strain field quantities from those actually pres-
ent in the composite around each whisker. This is 
because in actual MMCs, the whiskers are sur-
rounded by grains which are either of the same order 
of magnitude or larger than the whiskers, thus ren-
dering the assumption of matrix isotropy due to 
polycrystallinity rather crude. A more physically 
realistic matrix model would incorporate micro-
scopic details of grain distribution around the 
whiskers , with the constitutive matrix behavior 
accounting for factors such as subgrain structure 
and the generation of geometrically necessary dislo-
cations at reinforcement-matrix interfaces, which 
have been proposed to contribute significantly to 
strengthening in particulate reinforced MMCs (45]. 
5. CONCLUSIONS 
Finite element analysis has been utilized to study 
the impact of thermally generated residual stresses 
(TRS) on the micro-mechanisms of strengthening 
and deformation of a SiC whisker reinforced 6061 
AI-matrix composite in tension and compression. 
Residual stresses have been found to significantly 
affect the operative strengthening mechanisms , evol-
ution of plastic deformation and damage, and the 
mechanical properties of the composite. The effects 
of material parameters such as reinforcement volume 
fraction (Ve), inter-fiber spacing and fiber aspect ratio 
(Ar) have also been investigated, accounting for the 
presence of TRS. 
The primary strengthening mechanisms in whisker 
reinforced composites are constrained plastic flow of 
the matrix between the stiff reinforcements and load 
transfer from the matrix to the fiber, with constrained 
plastic flow contributing more in tension. Contrary to 
the findings of Ref. [25], the results of this study 
indicate that load transfer not only influences the 
elastic properties of the composite, but also the 
properties in the plastic regime. At small fiber volume 
fractions, residual stresses reduce load transfer in 
tension while enhancing it in compression, although 
this difference diminishes with increasing Vr. As Vr 
increases, the effect of TRS on load transfer de-
creases . TRS significantly increases strengthening due 
to constrained matrix flow in tension, but not in 
compression . The effect of TRS on constrained plas-
tic flow increases with increasing Vr. In addition to 
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the above mechanisms, some strengthening occurs 
due to enhanced matrix dislocation density relative 
to an initially stress-free matrix, although this is 
not a very dominant contribution. Because of the 
induction of hydrostatic compression in the inter-
facial region of composites with low Vr, thermal 
residual stresses are also expected to delay matrix 
void nucleation and interfacial decohesion at the 
fiber-ends under tension. At high Vr, however, TRS 
actually aids matrix and/or interfacial damage at 
the fiber-ends under tensile loading. 
Both numerical and experimental results show 
that the presence of TRS results in non-coincident 
stress-strain curves in tension and compression. At 
low Vr, the composite stiffness and flow stresses 
are larger in compression than in tension. With 
increasing Vr, the difference decreases, and beyond 
a certain volume fraction, the compressive stiffness 
and flow stresses become smaller than those in ten-
sion. This is attributable to the early initiation of 
gross matrix plastic deformation at large V1. An 
increase in Vr also increases the composite modulus, 
yield and flow stresses, and work hardening rate. 
Inter-fiber spacing has a much stronger effect on 
composite properties in compression than in ten-
sion. In tension, decreasing fiber spacing elevates the 
composite flow curve, with end-to-end spacing having 
a larger effect than side-to-side spacing. In com-
pression, decreasing side-to-side spacing reduces the 
composite stiffness and flow stress, while decreasing 
end-to-end spacing increases them. Fiber aspect ratio 
(A1) also has a significant effect on the tensile and 
compressive properties, with increasing Ar elevating 
the composite flow curve. This gain in composite 
strength obtained due to an increase in Ar, however, 
decreases progressively with increasing Ar. 
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